In order to examine the potential survivability of life in the Martian deep subsurface, we 15 have investigated the effects of temperature (45 o C, 55 o C, and 65 o C) and pressure (1 atm, 16 400 atm, 800 atm, and 1200 atm) on the growth, carbon isotopic data, and morphology of 17 chemolithoautotrophic anaerobic methanogenic archaea, Methanothermobacter wolfeii. 18
subsurface", where the temperature and pressure will be higher compared to the surface 40 and the environment will be protected from the damaging cosmic radiation. The 41 discovery of extremophiles and the knowledge of Earth's subsurface biospheres have also 42 bolstered the idea of searching for life in the subsurface of other planetary bodies such as 43
Mars (Cavicchioli 2002) . There are a few studies done on the effect of temperature and pressure on various strains 89 of methanogens. However, the effects of a wide range of temperature and high pressure 90 on methanogens in the context of Mars' subsurface have not been studied before. The 91 goal of this study is to examine the growth and survivability of a Mars' model organism, 92
Methanothermobacter wolfeii in a wide range of temperatures (45 o C -65 o C) and 93 pressures (1 atm, -1200 atm). M. wolfeii, a hydrogenotrophic methanogenic archaeon 94 used in this study utilizes CO 2 for its carbon source, H 2 for its energy source and 95 produces methane as a metabolic byproduct. We have also measured the stable carbon 96 isotope fractionation of methane, δ 13 C(CH 4 ), in order to understand the effect of optimal 97 and non-optimal temperature and pressure on the carbon isotopic data. The images of 98 cells were also acquired and were analyzed to investigate morphological changes 99 following exposure to various pressures and temperatures. 100 101 State University, Portland, OR and was grown in MM medium consisting of potassium 106 phosphate, ammonium chloride, calcium chloride, resazurin as an oxygen indicator, and 107 many trace minerals (Xun and others 1988) in a bicarbonate buffer. MM medium was 108 prepared in an anaerobic chamber (Coy Laboratory Products Inc., Grass Lake Charter 109 Township, MI), which was filled with 90% carbon dioxide and 10% hydrogen. The 110 growth medium was then transferred into anaerobic culture tubes inside the anaerobic 111 chamber as described previously ((Boone and others 1989). The tubes were then sealed 112 with butyl rubber stoppers, removed from the chamber, crimped with aluminum caps, and 113 autoclaved for sterilization. 114 115 6 A sterile sodium sulfide solution (2.5% wt/vol; 0.15 mL per 10 mL media) was then 116 added to each tube about an hour prior to inoculation of the methanogen (Boone and 117 others 1989) in order to eliminate any residual molecular oxygen from the tubes 118 containing the media. After inoculating the methanogen, the tubes were pressurized with 119 2 atm of H 2 gas and incubated at the organism's optimal growth temperature, inside the anaerobic chamber. The cuvette filled with sample was then put into a high 132 hydrostatic pressure-temperature chamber (ISS, Champaign, IL), which was filled with 133 water and was connected to a piston. The pressure inside the chamber was developed 134 with the help of a piston by pressurizing liquid water, and the pressure was measured 135 with a pressure gauge attached to the piston (Kumar and Libchaber 2013). The 136 temperature of the chamber was maintained using a circulating water bath (Neslab, USA) 137 and was measured in real time using a thermocouple (National Instruments, USA) 7 attached to the chamber. Before loading the sample, the temperature of the chamber was 139 equilibrated to the desired temperature and the pressure was applied after the sample 140 cuvette was put into the high temperature-pressure chamber. The system equilibrated to 141 the desired pressure and temperature in less than two minutes after loading the sample. In 142 this work, we preformed experiments at three different temperatures-45 o C, 55 o C, and 143 65 o C and four different pressures-1 atm, 400 atm, 800 atm, and 1200 atm; resulting in a 144 total of twelve sets of experiments. For a given temperature and pressure, the sample was 145 kept in the temperature-pressure chamber for 15 hours. After this time, the pressure of the 146 chamber was released and the sample-filled cuvette was removed from the chamber. 147
Materials and Methods

148
The cells from the cuvette were then transferred to fresh medium. Five hundred 149 microliters of cells from the cuvette were mixed with 500 uL of sterilized MM medium in 150 a vial to make a total of 1 mL of culture. From this, 300 uL cells were inoculated into 151 three different anaerobic tubes containing 10 mL of sterilized MM medium to make 152 triplicate samples. The tubes were then pressurized with 2 atm H 2 gas and incubated at 153 the conventional growth temperature, 55 o C. The growth and survivability were 154 determined by measuring methane concentration in the headspace gas of each sample at 155 regular intervals with the help of a gas chromatograph (Shimadzu 2014). 156
8 Arkansas Isotope lab. The carbon isotope fractionation, δ 13 C, was calculated using the 162 following equation: 163
164
The reference isotopic standard for δ 13 C is Pee Dee Belemonite (O' Leary 1981) . 165
Imaging of cells: 166
Phase contrast images of the cells were obtained before and after exposure to various 167 This methanogenic archaeon demonstrated methanogenesis by producing methane after 175 the cells were returned to their conventional growth conditions. All measurements of 176 methane concentration were taken post exposure to different temperatures and pressures. 177
In Figure 2 In order to compare any morphological changes in the cells exposed to optimal and 212 non-optimal pressures and temperature, we obtained phase contrast images of the cells 213 before and after exposure to different temperature and pressure. In Figure 4 , we compare 214 the images of cells exposed to temperatures-55 o C and 65 o C, and pressures-1 atm and 215 800 atm. We did not find any significant effect of temperature and pressure on the 216 morphology of M. wolfeii. It has been shown that high pressure exhibits cell division 217 inhibiting effects on mesophilic bacteria such as E. coli (Kumar and Libchaber 2013) . 218
The lack of morphological alteration such as elongation in the case of M. wolfeii suggests 219 that the exposure time of 15 hours was not long enough for the cells to undergo multiple 220 cycles of cell division. The exact reason for this is not clear and will be the focus of future studies.
12
251
The stable carbon isotope fractionation of methane was measured in different temperature 252 and pressure experiments. We found very slight or negligible difference in the carbon 253 isotopic data following optimal and non-optimal growth conditions of M. wolfeii. The 254 δ 13 C(CH 4 ) data in the optimal conditions were slightly lower than the δ 13 C(CH 4 ) data in 255 non-optimal conditions. It is possible that for M. wolfeii, 15 hours exposure to various 256 temperatures and pressures may not be long enough to have a significant effect on the 257 carbon isotopic data. survivability of M. wolfeii were investigated after returning them to their conventional 283 growth conditions. We have also measured the carbon isotopic fractionation of methane 284 produced by M. wolfeii and found that δ 13 C(CH 4 ) in optimal growth conditions was 285 slightly lower than the values obtained in non-optimal growth conditions. A comparison 286 of the images of cells before and after the exposure to different temperatures and 287 pressures did not reveal any apparent alteration in the morphology of M. wolfeii. 
